P lanar chromatography (PC) is a collective term including all analytical, micropreparative, and preparative separation methods where the solvent system moves through the stationary phase in planar arrangements. The solvent system can migrate by capillary action or under the influence of forced-flow. Using paper chromatography, thin-layer chromatography (TLC), and high-performance TLC (HPTLC), the solvent system moves due to the capillary action. Forced-flow can be achieved either by application of external pressure overpressured-layer chromatography (OPLC), an electric field (high-speed TLC or electro-driven PC; EPC), or by centrifugal force (rotation planar chromatography; RPC).
PC is an efficient and generally useful method for the whole spectrum of research on medicinal and aromatic plants (MAP; 1). The term of MAP includes not only the plants used for medicinal purposes, but also spices, as indicated in Figure 1a .
The aim of all medicinal plant research is to produce new and/or efficient phytopharmaceuticals; these can basically be divided into 4 categories (see Figure 1b) . The first comprises pulverized MAP (generally available as capsules), in which all the compounds occurring in the drug are present. The second consists of raw extracts of MAP, which contain only substances soluble in the extraction solvent used (e.g., the aqueous extract of chamomile; chamomile tea). The third, purified extracts contain only certain types of biologically active compound, as a result of selective purification steps (e.g., the flavanolignane fraction of Sylibum marianum L., named Silymarin). The fourth, rarely used in phytotherapy but often used in conventional therapy, is the important category of isolated active substances (e.g., morphine, codeine, or thebaine from Papaver somniferum L.); the purity of these compounds has to be > 99%. PC has extremely high priority in MAP research and development because the flat bed has several advantages, such as simplicity, flexibility, simultaneous analysis of a large number of samples, various modes of development, and the applicability of selective and specific chemical and biological methods of detection. A disadvantage of PC is that skill and experience are required to derive full benefit from its possibilities, because of the relatively large number of factors influencing the results (2) .
The main characteristic features of modern analytical PC are: (1) the use of fine-particle layers, with a wide range of adsorption properties, for rapid and efficient separations; (2) the large number of solvents which can be used to optimize selectivity; (3) the use of modern instrumentation for automated sampling, development, pre-and/or postchromatographic derivatization, and in situ quantitation of chromatogram.
It is generally true that the accuracy and precision of quantitative results from modern instrumental PC are similar to those of other separation techniques (3) which-because of capillary behavior-is less than the velocity required for optimum efficiency. An obvious solution is forced-flow development in which mobile phase velocity is controlled by centrifugal force or by pneumatic or electroosmotic movement of the mobile phase through the stationary phase.
Planar Chromatography

Extraction Process
The production of most phytopharmaceuticals includes extraction procedures. It is essential for quality assurance that this extraction is standardized. The quantity of lead compounds or their relative abundance assayed by PC is the basic method of monitoring the production process. When choosing lead substances for a particular MAP or phytopharmaceuticals, it is of essential importance that analytically well characterized standards are available for their quantitation. It is often impossible to separate all compounds of a MAP extract completely. Therefore, it must be proven with an independent separation method (e.g., high-performance liquid chromatography; HPLC) that a given lead substance in the extract is not coeluting with any other substance.
Generally, the reasons for extraction of MAP can be: (1) production of phytopharmaceuticals; (2) isolation of the main compound(s) from a certain MAP; (3) isolation of biologically active compound(s) from a certain MAP; and (4) isolation of the main biologically active compound(s) from a given herb.
The first is used to monitor the extraction to produce MAP containing drugs whereas the last 3 are performed for research purposes (4) . In all 4 instances, during extraction, samples must be taken regularly and the amounts of the given compound(s) must be examined by planar chromatography. The rules for qualitative and quantitative analysis of MAP extracts are given in the next section.
Analysis of MAP
PC in both its instrumental and non-instrumental forms has remained a standard method for dealing with many difficult analytical problems in MAP. With regard to the applicability and significance of TLC in this analysis, the methods used in the pharmacopeia can be strictly separated from those used in industrial analysis. Because of the usefulness of TLC when cost-effectiveness is essential, it is widely used as a standard technique for rapid and accurate identification of the plant materials (5) or the finished products, and for purity testing of raw materials (e.g., morphine, codeine, thebaine) and formulations in various pharmacopeial prescriptions.
The importance of TLC in assay methods has, because of several difficulties experienced during use, decreased considerably, and few official methods can be found in the pharmacopeias; these usually entail a spot elution technique for Figure 3 . Identification system using chromatographic and spectroscopic probability data.
quantitation. In the field of industrial analysis, the situation is different because the instrumentation of TLC has reached a relatively high technical level. Instrumental PC has a distinct role in the analysis of MAP extracts because interference from "unknown background materials" can be more easily eliminated than with other chromatographic techniques (6) .
To increase the separating power of PC, the different types of forced-flow PC (FFPC) are the ultimate solution. In forced-flow development, an external force is used to move the mobile phase through the stationary phase, preferably at a constant velocity corresponding to the optimum mobile phase velocity, or any other selected velocity (7) . FFPC separation can be achieved by OPLC (8) , EPC (9), or RPC (10) . FFPC techniques enable the advantage of optimum mobile phase velocity to be exploited over almost the whole separation distance without loss of resolution. This effect is independent of the type of forced flow (11) .
Although FFPC can be started with a dry layer, as in classical TLC, the forced-flow technique also enables fully on-line separation on a stationary phase previously equilibrated with the mobile phase, as in HPLC. Feasible FFPC combinations of the various off-and on-line operating steps are: (1) fully off-line process in which the principal steps, such as sample application, separation, and detection are performed as separate operations; (2) off-line sample application and on-line separation and detection; (3) on-line sample application and separation and off-line detection; (4) fully on-line process in which the principal steps are performed as non-separate operations. Recently Shah and Reich (12) have described several applications of conventional PC (TLC) for the analysis of MAP focusing on the advantages of the technique. The applicability of RPC for the separation of MAP extracts (13) was also discussed. A comparison of analytical on-line OPLC and HPLC separation of furanocoumarins (14) is given in Figure 2 .
TLC, HPTLC techniques, and modern forced-flow methods (OPLC and RPC) used for analytical purposes are compared in Table 1 .
To demonstrate the suitability of the PC system, all results must be well documented (15) , and criteria formulated (limits and minimum requirements), which should be controlled before the use of the TLC system (system suitability test; 6). The requirements for correct documentation (method validation package) include listing of: (1) all samples used for the experiments, including their sources, lot number, analytical results, and storage conditions; (2) all instrumentation required; (3) reagents necessary for sample preparation, the dilutions or mixtures required, and storage conditions (indicating shelf-life); (4) materials and reagents used for preparation of mobile phase, including the dilution and mixing required; (5) chromatoplate (type, particle size, dimensions, and other important characteristics); (6) chamber used for the experiments (type, size); (7) experimental conditions (sample application, temperature, saturation, development distance, etc.); (8) visualization technique including detailed description of preparation of postchromatographic reagent, spraying conditions; (9) detection settings of the densitometer.
Identification Procedure
In the pharmacopeias, the identification of compounds by TLC is a basic test. TLC is conducted under standardized experimental conditions and the spot of the substance being examined, with or without derivatization, is compared with that of similarly developed reference material applied at the same concentration. The sizes and positions of the spots of the principal component and reference standard must be similar. Usually different TLC systems are used for identification of the substance and for purity testing. The aim of identification analysis is group-type separation (separating compounds with similar properties but not the same structure), whereas in purity testing structurally closely related compounds must be separated (6) .
For satisfactory planar chromatogtraphic identification of known components of MAP, both chromatographic and spectroscopic data must be identical. The probability of chromatographic identification [I P(Chr )] is defined as the area of the triangle formed by 3 mobile phases with different values of total solvent strength (S T ) and total selectivity value (S V ; 16), for which hR F (100 × R F ) values are practically identical with those of standard (reference) substances. The higher the value of I P(Chr) , the greater the probability that 2 compounds are chromatographically identical.
To assess the probability of spectroscopic identification [I P(Sp) ], 2 criteria must be fulfilled (6): (1) every minimum and maximum of the UV and/or VIS spectra must be practically identical; (2) the ratio of the local absorbance minima and maxima must be identical. All values of local minima and maxima (8 min , 8 max ), and the relative absorbance ratios, must, therefore, be given. The illustrated correlations between the reference substance and the substance in the sample to be identified must be linear in the coordinate systems applied. Regression coefficients (r 2 ) are used to characterize the probability of spectroscopic identification.
Chromatographic and spectroscopic identification probability data can both be classified as belonging to one of 3 lev-els ( Figure 3) . If even one of the criteria occurs in the low probability level, the compound to be identified is not identical with the reference substance. If all criteria occur in the medium or high identification level, there is sufficient probability the 2 compounds are identical (6) .
The identification of unknown compounds is a very difficult analytical task. Use of retention data alone is insufficient for this purpose, because of the high risk of coelution of the compound in question with many other structurally similar or different compounds in any chromatographic system. Off-line combined or coupled techniques, for example HPLC-TLC (17), SFC-TLC (18), TLC-IR (19) , TLC-MS (20) , TLC-MS-MS (21) etc., are frequently used for structure elucidation and for identification of an unknown component of MAP.
Quantitative Determination
A general approach to quantitation in the analysis of MAP by PC can be made on the basis of the methods used for evaluation. Two basic approaches can be distinguished: (1) direct methods, in which the separated spots are evaluated in situ on the plate, and (2) indirect methods, in which quantitative measurements are conducted after elution of the spots from the plate (22) . Although the importance of direct methods has increased considerably, the spot elution technique continues to be used (e.g., some assay methods in the U.S. Pharmacopeia). Direct methods can be divided into 2 major categories: (1) visual comparison, when the spot intensities are established by visual comparison with the intensities of simultaneously developed reference spots; and (2) in situ densitometry, in which the chromatogram is quantitated directly on the plate by measurement of optical density, native or induced fluorescence, etc. of the separated compounds (23) .
The results of a comparative study [for more details (e.g., calibration) see ref. 24] of the individual flavonoid content of Betulae folium using OPLC and HPLC methods are summarized in Table 2 .
Quantitation by planar chromatography (23) is especially important in: (1) determination of the efficiency of extraction; (2) in-process control of production; (3) determination of known components of MAP extracts by use of reference compounds; (4) testing the stability of pure compounds or phytopharmaceuticals; (5) semiquantitative determination of lead compounds for genetic purposes; and (6) quantitative determination of lead substances of MAP.
Purification Procedure
Conventional PC can be used for purification of a sample when a limited number of zones must be separated from the compounds of interest. Because of the relatively large average particle size and the large amount of diffusion in the higher R f range, resolution is limited. It is advantageous to start the separation with a saturated chromatographic tank to ensure that the zones migrate with approximately the same R f values in the layer and on the surface. Otherwise, because of the evaporation of the mobile phase, part of the zone migrates faster on the surface and, therefore, when the zones are removed by scraping either the substances are only partly recovered or mixed fractions are obtained. It is, therefore, essential that the zone of interest be well separated from other zones and the location of the zone should be checked carefully before scraping and elution from the stationary phase. The sequential technique (25) can also be used as an additional purification method for clean-up directly on the plate.
To increase the separating power of TLC, the various on-line forced-flow techniques can be used successfully for purification. The first steps of the purification process are the testing of neat solvents to determine their individual solvent strength (s i ) and selectivity values (s V ) in analytical PC with silica as stationary phase; if necessary, an appropriate solvent strength must be determined. If the sample does not contain several classes of substance with different chromatographic properties, the purification process can be continued, with optimization of the TLC mobile phase; otherwise fractionation is necessary. This can be performed by on-line linear OPLC or by circular RPC. The best fractionation effect can be achieved with selectivity gradients (26) according to the results of the preliminary tests with single solvents modified to give the required solvent strengths. After on-line fraction collection, the TLC mobile phase must be optimized for the fraction of interest. This can be achieved with any optimization procedure. By use of the 'PRISMA' optimization system (27) , the optimized TLC mobile phase can be transferred to the appropriate analytical off-line FFPC technique. The next step is a scale-up procedure, for which the optimum capacity of the analytical layer must be tested empirically (Figure 4) .
After collection of the fractions of interest, the efficiency of purification must be tested by use of analytical TLC with mobile phases of different composition. If the purification seems to be satisfactory, the sample/fraction is ready for isolation.
Otherwise, a mobile phase of different composition must be prepared for a second preparative on-line FFPC purification. The flowchart of a practicable purification process (28) using OPLC and/or RPC is summarized in Figure 4 .
Isolation Procedure
The same rules are valid for isolation by capillary action as for sample purification, the only difference being that higher resolution is always required for this process. To increase R f values for adjacent compounds, various modes of development can be used for isolation. Although multiple development modes can be used for micropreparative separations, the advantage of the method must be understood (2). Multiple development can also be conducted with different mobile phases in the same direction (UMD, IMD). It is also possible to develop analytical plates for micropreparative separations with different mobile phases (GMD, BMD) over the same or different distances (29) .
A new device for circular preparative separations, in which a steel solvent reservoir and a rubber sealing ring are placed on the layer and fixed by a magnet located below the plate, has been recently presented (30) . With the aid of a template, the center of the stationary phase, to a diameter of 2 cm, is re- moved by scraping. A suitable elastic sealing ring is placed between the layer and a stainless steel reservoir, which is held firmly in place by the magnetic field ( Figure 5 ). To start the separation, the recess is filled with mobile phase. Depending on the chromatographic conditions selected, normal (N), micro (M), or ultramicro (U), chambers can be used. With the U chamber, the glass cover plate is placed directly on the surface of the layer. Entry of sample and mobile phase is regular over the whole cross-section of the preparative layer. The method and device presented ensure rapid and efficient separation with all the advantages of circular development. In the lower R f range, therefore, resolution is significantly higher than that obtained from linear development.
The cover plate is placed on a 19 cm diameter metal ring, the height of which can be varied between 0.5 and 2 cm, depending on the type of chamber used. To start development, the solvent reservoir is filled with the appropriate mobile phase and the level of this is kept constant. With this device, sample can be applied as either a liquid or a solid.
Solid-phase sample application (SPSA) enables regular sample application over the whole cross-section of the preparative layer with the advantage of in situ sample concentration and clean-up, and an extremely sharp interface leading to the chromatographic layer (31) . With this device (Figure 6 ), the sample can be applied to give an improved starting situation for preparative planar separation, irrespective of whether the migration of the mobile phase is achieved by capillary action, as in conventional preparative TLC, or by OPLC or RPC.
For SPSA, the sample must be dissolved in a suitable solvent and mixed with about 5-10 times its weight of deactivated sorbent. The sorbent and the uniformly adsorbed sample are carefully dried by rotary evaporation and then introduced into a layer, which must be prepared ready to accept it. To prepare the layer, the preparative plate is first fixed in the application device. Two 190 × 5 mm channels are present in the hard coated alumina cover plate of the device, one for the application of 1 g solid-phase sample (including the inert support) when using 2 mm layers, the other for 0.5 g sample for 1 mm layers. With the help of these templates, the appropriate channel can be scraped from the stationary phase with a thin needle (31); the stationary phase is then removed from the channel.
It must be ensured that the channel in the sorbent has a profile which is regular in shape. The prepared sorbent with the adsorbed sample is then placed in the channel and pressed evenly with a form, ensuring optimum contact between the stationary phase of the plate and the applied sample. No special care is needed in handling these layers; the compacted adsorbent will not fall out when the plates are placed vertically in a chromatographic tank. When using RP-18 material as support for the sample, it is advantageous to cover the channel with a suitably thin (3 mm) cover plate (190 × 5 mm) to eliminate the possibility of a small amount of the applied sample falling into the mobile phase.
A possible strategy for isolation of compounds from MAP extracts (28) is given in Figure 7 . Prior purification is required if the developed plate shows the presence of several compounds along the whole R f range which partly cover the compound(s) to be isolated. If possible, non-chromatographic methods should be used because they are generally simpler and faster. After completion of the separation and collection of the fractions, the purity of the isolated compound(s) must be checked by HPTLC, preferably on the same stationary phase but with 3 mobile phases of different solvent strength and selectivity, or with the same mobile phase and 3 different stationary phases. Two isolation steps are usually sufficient for efficient forced-flow preparative separations of 2-9 compounds in the 100-1000 mg range.
Micropreparative FFPC Separations for Isolation
For off-line FFPC isolation of the main compounds in a relatively pure form, 5-15 mg crude or purified plant extract can be applied to a single analytical HPTLC or TLC plate. The procedure is similar to that of analytical separations, with the difference that only one sample is applied, either in the form of a ring near the center of the plate (circular development) or as a band (linear development).
On-line OPLC on 20 × 20 cm HPTLC plates with linear development results in excellent micropreparative separations (14, 32) . One of the major advantages of this technique is that all the separated compounds migrate over the entire length (18 cm) of the stationary phase and that the separation distance is 2 to 4 times longer than in conventional TLC. For compounds in the lower R f range, in particular, resolution is significantly better than in TLC.
RPC in M or U chambers is applicable to a wide range of substance classes and polarities from various natural products. Use of 20 × 20 cm HPTLC plates ensures off-line circular micropreparative separations with high resolution in the lower R f range. Although this micropreparative separation procedure has been introduced relatively recently (33), its efficiency has been demonstrated for a variety of classes of substances. A raw extract of flavonoid glycosides from 500 mg Malva silvestris leaves was applied to an HPTLC plate and isolated between 0.5 and 3 mg of each of the main compounds [from the outside to the center:
, in addition to some minor components. The off-line separation is illustrated in Figure 8a .
Continuous development is possible with the different types of RPC technique if a ring of 9.8 cm radius is scraped from the stationary phase of a 20 × 20 cm plate to ensure the regular migration of the mobile phase after it has reached the extremities of the plate. When the first compounds of interest reach this ring, the separation must be stopped and the separated components can be scraped off and extracted by normal procedures. This is illustrated in Figure 8b separation of coumarins present in a 15 mg raw extract from the roots of Heracleum sphondylium (33) 40 min after the start of the separation. Here overrunning for 10 min was necessary to achieve the separation, which was observed during the chromatographic process at 366 nm. The 5 main components from the outside to the center are: isobergapten, pimpinellin, bergapten, sphondin, and isopimpinellin. A comparison of different micropreparative PC techniques is given in Table 3 .
Preparative FFPC Separations for Isolation
Because preparative FFPC separations are performed on-line and no removal of the zones is necessary, the separation efficiency for the last eluting compounds even increases during the run (32) .
Preparative on-line OPLC may be used for the separation of 2-7 compounds. One of the major advantages of this technique is that all the separated compounds migrate over the entire length of the stationary phase, and that the separation distance is longer and-due to the forced-flow-the resolution is significantly greater than in conventional preparative layer chromatography (PLC), especially for compounds of lower R f . Sample sizes for OPLC separation may range between 50 and 300 mg, depending on the separation problem.
Because RPC may be used not only for on-line preparative separations but also for analytical purposes, direct scale-up is possible for both analytical methods. From analytical TLC separations using unsaturated or saturated chromatographic tanks, the mobile phase can be transferred via analytical ultramicrochamber (U) RPC and microchamber (M) RPC to preparative U-RPC and M-RPC, respectively, if the solvent strength and selectivity value are kept constant. For scale-up, the sample may be applied in a circle on a 20 × 20 cm analytical TLC plate and the amount of sample will be increased stepwise in subsequent separations (34) . The resulting plates are scanned (off-line) to find the limit at which resolution becomes unsatisfactory. From these experiments, the maximum amount of sample for the on-line preparative separation can be predicted, taking the particle size and the volume of the stationary phase into account. In analytical U-RPC and M-RPC, the separation distance is 8 cm and the average particle size is 11 µm; in preparative U-RPC and M-RPC the separation distance is increased by 25% but the particle size is approximately 30% larger. These adverse effects practically cancel each other, so only the layer thickness has to be considered in the scale-up procedure. In our experience, therefore, a factor of 20 is generally appropriate (34) . The flow rate of the mobile phase has to be adapted to preparative separation, so that the migration of the α front is as fast as in the analytical separation. A comparison of PLC, preparative OPLC, and RPC is given in Table 4 .
Biological Screening
PC is well suited to the demands of various screening methods. TLC is always suitable for the in situ determination of biological activity. Different types of chromatoplate are used for determination of: (1) the activity of isolated pure compounds; (2) the activity of isolated fractions; and (3) the activity of total extracts.
The use of coupling planar chromatography with in situ bioassays for activity testing and for efficient activity-guided isolation of natural products is a significant trend (35) . The Compuspray system (36) enables the spraying of different (I-V) microorganisms on the plates, either in the direction of mobile phase migration (Figure 9a ), or perpendicular to this (Figure 9b ).
Genetic Research
To increase the efficiency of plant breeding, many hundred samples must be analyzed in a short time. For the first step, screening of large numbers of samples (72 per plate), circular multilayer (ML) OPLC (37) is an excellent possibility. ML-OPLC is suitable for the development of several chromatographic plates simultaneously if the plates are specially prepared. With this technique, many samples can be separated during a single chromatographic run. By parallel connection of analytical TLC plates (Figure 10 ), more HPTLC plates can be developed simultaneously. By circular ML-OPLC, 360 samples of plant extracts can be separated in 2.5-10 min (38) .
An analytical strategy has recently been developed for rapid and exact determination of the alkaloid content of poppy capsules (38) . By using the personal OPLC system and 3 parallel connecting HPTLC plates, 216 samples can be applied 2 quantitative methods is > 10%, investigations must be repeated with mobile phases of different solvent strength and selectivity to eliminate disturbances from the minor compounds which appear during plant breeding. The strategy is summarized in Figure 11 , which shows that for efficient poppy breeding 18 000-20 000 analyses with different separation mechanisms (normal-and reversed-phase) are required per year.
Conclusion
It can be stated that PC is the basic chromatographic method for MAP research. It can be used to search for optimum extraction solvents, for purification and isolation of lead compounds, for identification of known and unknown compounds, and for determination of lead and/or biologically active compounds.
In our opinion, disadvantages of planar chromatography in MAP research are: (1) limited resolving power when working with capillary activity only; (2) detection limits often higher and reproducibility often lower than for HPLC; (3) and as an 'open' system TLC depends on environmental factors; some knowledge and understanding of the fundamentals of this method and its practical application are, therefore, required to benefit in full from its possibilities and flexibility.
In contrast with these weaknesses, planar chromatography has many advantages in MAP research and development. These include: (1) single use of stationary phase (no remember effect); (2) unsurpassed flexibility of the chromatographic system (mobile phase optimization, operating conditions, etc.); (3) special unique possibilities (development modes, detection methods, etc.); (4) storage function of the layer and off-line detection; and (5) low cost in routine analysis, and in purification and isolation procedures.
This overview on the present status of planar chromatography as a separation technique for MAP research reveals that the various types of PC cover a special range of analytical, micropreparative, and preparative methods especially with newly introduced plates and identification techniques, and modern forced-flow methods. TLC and FFPC do not compete with HPLC, or other separation methods; instead the different approaches are complementary and together enable successful and rapid separation. In our opinion, planar chromatography has, and will probably always have, an important role in medicinal plant research and development.
